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ABSTRACT We have investigated the response of a protein structure to cavity-creating mutations by molecular dynamics
(MD) simulations for the wild-type and the five mutants of phage T4 lysozyme. Essential dynamics (ED) analysis and the
methods for calculating different components of local interaction energies are used to examine the structural and energetic
characteristics associated with the mutations. In agreement with the x-ray results, it is found that the structural changes due
to the replacements of a bulky side chain such as Leu or Phe with Ala within the hydrophobic core can be characterized as
slight adjustments rather than substantial reorganization of the protein. The relative stability of different mutant structures can
be related with the extent of structural readjustments in response to the mutation. The destabilization of the mutant Leu3Ala
proteins relative to the wild-type is closely related with the loss of van der Waals contacts due to the cavity-creating
mutations.
INTRODUCTION
It is generally agreed that one chooses a site-directed mu-
tagenesis in such a way as to minimize reorganization of the
structure of the enzyme, either locally or globally (Fersht,
1999). An enzyme or enzyme complex can tolerate a cavity
within it because there is just the loss of the noncovalent
interaction energies. Therefore, replacements with smaller
residues are preferred to mutations that increase the size of
the side chain. Understanding structural and energetic
changes in a protein due to cavity-creating mutations can
provide valuable information for analyzing experimental
studies by site-directed mutagenesis.
The hydrophobic effect is usually considered as the major
factor in determining the stability of the folded structures of
globular proteins (Dill, 1990; Tanford, 1980). Mutations
with the creation of larger cavities may induce substantial
changes in the structure of a protein. In such cases, hydro-
phobic effect cannot be predicted by just considering spe-
cific residues involved in the mutation. In other words, the
same type of substitution has been found to give a wide
range of changes in the free energy of folding for different
mutant structures (Kellis et al., 1988; Matsumura et al.,
1988; Sandberg and Terwilliger, 1991; Shortle et al., 1990).
Eriksson et al. studied cavity-creating mutants within the
hydrophobic core of T4 lysozyme (Eriksson et al., 1992,
1993; Xu et al., 1998). Substitutions of either Leu or Phe
with Ala were found to decrease the stability of the protein
by different amounts. The high-resolution x-ray structures
of the mutants as well as the wild-type were determined. It
was found that removal of the wild-type side chain allowed
some of the surrounding atoms to move toward the vacated
space, but a cavity always remained. The destabilization of
the mutant Leu3Ala proteins relative to the wild-type can
be approximated by a constant term, which corresponds to
the difference in hydrophobicity of leucine and alanine, plus
a term that increases in proportion to the size of the cavity.
Either the cavity volume or the cavity surface area can be
used to express the size of the cavity. These experimental
results provided plausible explanations for a number of
conflicting reports concerning the strength of the hydropho-
bic effect in proteins.
T4 lysozyme (T4L) is one of the most widely studied
proteins. More than 200 T4L structures crystallized in more
than 25 different crystal forms are available (Zhang et al.,
1995) and T4L is a rather small protein suitable for exten-
sive molecular dynamics (MD) simulations. From the ex-
perimental and theoretical studies on a large number of
x-ray conformers, it has been shown that a hinge-bending
motion is an intrinsic property of T4L (Arnold and Ornstein,
1997; de Groot et al., 1998; Faber and Matthews, 1990;
Matthews and Remington, 1974; McCammon et al., 1976;
McHaourab et al., 1997).
In the present study, we have performed MD simulations
for cavity-creating mutants of T4L. The essential dynamics
(ED) analysis (van Aalten et al., 1995) was applied to MD
trajectories of the wild-type in order to examine the intrinsic
flexibility of the protein structure. The ED analysis was also
used to study structural changes due to various mutations.
The relation between the rigidity of the mutation sites and
the relative stability of the mutant structures was investi-
gated. Detailed analysis of the changes in the local environ-
ments is made by calculating different components of in-
teraction energies for the residue involved in the mutation.
Possible correlation between a specific interaction and the
destabilization of the mutant protein is explored.
MODEL AND SIMULATION DETAILS
High-resolution crystal structures of a wild-type and several
mutants from T4 lysozyme were used as model structures
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for theoretical studies (Eriksson et al., 1992). Four of the
mutants were created by replacements of Leu residues with
Ala (e.g., Leu463Ala  L46A). One mutant with
Phe3Ala substitution was also considered. The structural
data were obtained from Protein Data Bank (1l63[WT*],
1l67[L46A], 1l83[L99A], 1l69[L133A], 200l[L121A], and
1l85[F153A]). The mutant L133A was created by using the
gene for wild-type lysozyme as a template. All of the other
mutants were constructed with the gene for a pseudo-wild-
type lysozyme (C54T/C97A, or WT*), in which the two
Cys residues were replaced with Thr and Ala.
MD and ED analysis
MD simulations were performed using the GROMOS pro-
gram (Scott et al., 1999). Simulations including explicit
solvent molecules were done in a truncated octahedral box
filled with simple point charge water molecules. A cutoff
distance of 8 Å was used for the nonbonded interactions and
the long-range electrostatic interactions were truncated at 10
Å. The SHAKE algorithm (Ryckaert et al., 1977) was
applied to constrain bond lengths. Simulations were per-
formed at 298K with a time step of 2 fs and the equations of
motion were solved using the Verlet algorithm (Allen and
Tildesley, 1989).
Simulations were started from the x-ray structures of the
wild-type and mutants of T4 lysozyme. Each structure was
subjected to a steepest descent (SD) energy minimization to
relax any possible strain in the molecule. The minimization
was followed by a period of equilibration MD simulation,
where the initial velocities were taken from a Maxwellian
distribution at 298K. Simulations were continued for 500
ps, and their trajectories were used for analysis including
ED method. The stability of a simulation was examined by
monitoring energies and geometrical properties of the system.
The ED method (van Aalten et al., 1995) is based on the
diagonalization of the covariance matrix built from atomic
fluctuations in an MD trajectory from which overall trans-
lation and rotations have been removed:
Cij xi xi,0xj xj,0, (1)
where xi,j are separate Cartesian coordinates of the atoms
with corresponding average values denoted by xi,0. The
value expressed within   represents an average over the
whole MD trajectory. The coordinates of the C atoms are
used for the analysis. Diagonalization of the covariance
matrix yields a set of eigenvectors and eigenvalues, which
are sorted by the size of the eigenvalue. The eigenvectors
indicate directions in the total configuration space, repre-
senting correlated displacements of groups of atoms in the
system. The corresponding eigenvalues indicate the total
mean square fluctuations, i.e., the amplitude of the corre-
lated motions, along these directions. The basic idea of
essential dynamics is that only the correlated motions rep-
resented by the eigenvectors with large corresponding eig-
envalues are important in describing the overall motion of
the protein, closely related with its specific function. The
ED method has been found to be useful for revealing
functionally significant fluctuations in various protein sys-
tems (Peters et al., 1996, 1997; van Aalten et al., 1996).
In order to investigate the changes in the dynamics of a
protein due to the mutations, the difference of each mutant
structure from the wild-type is used for the essential dy-
namics analysis. The MD trajectories of the wild-type and
the mutants are redefined relative to a common reference
structure. The difference in the trajectory of each mutant
from that of the wild-type is used for the essential dynamics
analysis. The essential dynamics analysis was carried out
using the WHAT IF modeling program (Vriend, 1990).
Interaction energies
The overall interaction energy and corresponding force for
each residue in a biomolecule such as a protein can be
decomposed into various components. The relative impor-
tance of these components can be correlated with a specific
structure or function of the protein in certain situations.
Recently, a new method for calculating different compo-
nents of interaction energy or force for each residue in a
protein has been developed (Lee, J., S. Shin, and S.-H. Jung,
submitted for publication). It is implemented as a command
(INRE) for the CHARMM program (Brooks et al., 1983).
For instance, van der Waals (evdw), electrostatic (eelec),
and total (etot) interaction energies of each residue with the
rest of the molecule can be obtained. Other examples in-
clude main chain (emain) and side chain (eside) components
of the total interaction energies of each residue; main chain
self-energies (esm), side chain self-energies (ess), and in-
teraction energies between main chain and side chain (ems)
for each residue. The corresponding force components are
defined similarly. Starting with the x-ray crystal structures,
the structures were optimized by the SD and adopted basis
Newton–Raphson methods using CHARMM all-H potential
with a nonbonding condition. The minimized structures
were used for the evaluation of interaction energies. For
each component of interaction energies, the difference be-
tween the wild-type and a mutant is calculated and com-
pared with the thermodynamic data describing the relative
stability of such a cavity-forming mutation.
RESULTS AND DISCUSSION
We have done MD simulations on the wild-type and five
mutants of the T4 lysozyme as described in the previous
section. The stability of the simulations was checked by
computing several structural properties. Using the stable
trajectories, the ED analysis was performed to examine the
changes in the dynamical structures of the systems. The ED
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analysis of the MD trajectories for the wild-type (WT*)
showed that only a few eigenvectors are found to represent
the essential motions in the protein as in other studies. Fig.
1 shows the displacements as a function of residue number
averaged over the first six eigenvectors for the wild-type
simulations. T4 lysozyme is known to consist of two do-
mains: an N-terminal domain comprising residues 15 to 65
and a C-terminal domain with residues from 80 to the
C-terminus. It has been suggested that a hinge-bending
motion of the two domains is an intrinsic property of the
protein. Residue 13 and residues 70–75 were designated as
forming the locus of the hinge-bending (Faber and Mat-
thews, 1990). The results of the ED analysis qualitatively
confirm the previous findings. Relatively large displace-
ments are occurring within the two domains while the locus
of the hinge-bending shows smaller movements. The over-
all pattern of displacements shown in Fig. 1 is similar to the
results of the previous study on the domain motions in T4
lysozyme (de Groot et al., 1998).
The main focus of the present study is to examine the
structural response to cavity-creating mutations. In Fig. 1,
we have also indicated the positions of the mutations. The
magnitude of displacement seen in the dynamics simulation
represents the flexibility of the local protein structure, which
can be related with the extent of structural readjustments in
response to a mutation. It is very interesting to observe that
the mutation sites show relatively small displacements. This
indicates that the local structures around the five mutation
sites are rather rigid. One can expect that the response of the
protein to cavity-creating mutations on such sites will be
more like slight adjustment than major repacking. Our con-
clusion is consistent with the experimental findings on the
same protein (Eriksson et al., 1992). The relative stability of
mutations can be inferred from the way a protein responds
to perturbations. Mutant proteins relax or adapt their struc-
tures to ameliorate the consequences of potentially destabi-
lizing changes. The most destabilizing replacements tend to
occur in the most rigid part of a protein structure, because in
such cases it requires large energetic costs to adjust in
response to the mutation. From the results of Fig. 1, the
relative stability of the five mutants is expected to be the
following, in order of decreasing stability: L46A (L133A,
L121A) (L99A, F153A). The stability data obtained from
the experiments showed the same trends as the above pre-
dictions (Eriksson et al., 1992). Xu et al. (1998) examined
the response of T4 lysozyme to other large-to-small substi-
tutions within the core, such as Leu3Ala, Phe3Ala,
Val3Ala, and Ile3Ala mutations. We observed that most
of these mutant sites are relatively rigid with small displace-
ments in the ED analysis of the wild-type. In order to
examine the correlation between the relative stability of
different mutant structures and the flexibility of the muta-
tion sites, we plotted the thermodynamic stability against
the displacement of the ED analysis in Fig. 2. We note that
the stability of the mutant can be qualitatively correlated
with large displacement. This trend is more pronounced for
the same types of mutant structures, as illustrated for the
Val3Ala mutations in the inset of Fig. 2.
ED analysis of the MD trajectories for the five mutant
structures showed that the overall protein motions of the
mutants are similar to those of the wild-type, whereas there
exist subtle differences in the displacements of local resi-
dues. We have examined the main eigenvector motions for
FIGURE 1 Absolute value of the displacements as a function of residue
number averaged over the first six eigenvectors for the MD simulations of
the wild-type of T4 lysozyme (WT*). Solid circles indicate the residues to
be replaced by Ala in the five mutant structures.
FIGURE 2 The relationship between the displacement of the mutation
site from the ED analysis of the wild-type T4 lysozyme and the decrease
in stability of mutant lysozyme as given by the change in the free energy
of folding (		G). The inset shows the same plot only for the Val3Ala
mutant lysozymes with the straight line representing the least-squares fit of
the data. The designations of mutant structures and the thermodynamic
stability data refer to the previous experimental results (Eriksson et al.,
1992; Xu et al., 1998).
Response to Cavity-Creating Mutations 1667
Biophysical Journal 78(4) 1665–1671
the trajectories of the five mutants, especially the cavity
region in the vicinity of Leu99, Met102, Ser117, Leu118,
Leu121, Leu133, and Phe153. The flexibility around the cavity
region is either small or moderate, depending on the type of
mutations. It can be concluded that a cavity remained in the
mutant structure in all cases. In order to compare different
dynamical behavior of the five mutants relative to the wild-
type, we have done an ED analysis based on the difference
in the trajectory of each mutant from that of the wild-type.
In other words, the wild-type structure was used as a com-
mon reference to determine the fluctuations in the trajecto-
ries of the mutant structures. Fig. 3 shows the eigenvalues of
such ED analyses of the mutant simulations. Only a few
eigenvectors contribute to the total mean square fluctua-
tions. The magnitudes of the eigenvalues represent the ex-
tent of dynamical fluctuations of the mutant structures rel-
ative to the wild-type. They can be related with the
structural changes due to the mutations. The results indi-
cated that when Phe153 and Leu121 are replaced with Ala,
the overall structural adjustments are larger than for the case
of the replacement of Leu99 with Ala. The same observa-
tions were made in the previous experimental study (Eriks-
son et al., 1993, 1992). In Fig. 4, we plotted the averaged
displacements of the first six eigenvectors as a function of
residue number for the five mutants. The difference between
the backbones of the mutant structure and the wild-type is
also shown in the same figure. The ED displacements and
the changes in structure (mutant versus wild-type) show
somewhat different pattern as a function of residue number.
However, the relative sizes of the overall fluctuations for
different mutants exhibit consistent results in both cases.
L121A and F153A are found to show larger ED displace-
ments and structural changes.
FIGURE 3 Eigenvalues obtained from the essential dynamics analyses
of the MD simulations for the five cavity-creating mutant structures.
FIGURE 4 Absolute value of the averaged displacements as a function
of residue number from the essential dynamics analyses of the difference
trajectories of the five cavity-creating mutant structures relative to that of
the wild-type (solid line). The range of the displacements is 0.0 to 0.75 nm
for all the figures. Also shown is the difference between the backbones of
the mutant structure and the wild-type (dotted line) with the range of 0.0 to
0.75 Å.
1668 Lee et al.
Biophysical Journal 78(4) 1665–1671
Cavity-creating mutations such as the replacements of
Leu or Phe with Ala can be viewed as reflecting the changes
in the local interaction energies around the mutation sites.
We have calculated different components of interaction
energies for a specific residue involved in the mutation. The
main concern is to examine the possible correlation between
changes in interaction energies for the mutants compared
with the wild-type and the reduction in protein stability due
to the mutation. Of the five mutant structures, only four
cases with the same Leu3Ala replacement were consid-
ered. Experimental values for the change in the free energy
of unfolding (		G) of mutant lysozymes relative to the
wild-type were used to represent the reduction in protein
stability.
Fig. 5 shows the relation between the decrease in protein
stability and the changes in energies such as electrostatic
(eelec), van der Waals (evdw), or total (etot 
 eelec 
evdw) interaction energies. It is found that there exists a
linear relation between increase in van der Waals energies
and reduction in protein stability. Previously, decrease in
stability, caused by cavity-creating mutations, was found to
be correlated with increase in cavity volume or surface area
(Eriksson et al., 1992). It was shown that change in the free
energy of unfolding associated with a Leu3Ala replace-
ment consists of a constant energy term of 1.9 kcal mol1
plus a second energy term that depends on the size of the
cavity created by the substitution. Our results are consistent
with these interpretations. When a bulky residue such as
leucine is replaced with a smaller one like alanine, many
favorable van der Waals contacts in the original folded
protein will be removed. The cavity-dependent part of the
destabilization associated with cavity-creating mutants is
due to the loss of such van der Waals contacts. The relative
stability of different mutants will be determined by the
extent of readjustments of the protein to restore part of the
van der Waals interactions.
Interaction energies of a residue can be divided into
contributions from the main chain and the side chain parts
of the protein. The relation between the decrease in stability
for the cavity-creating mutants and change in main chain
(emain) and side chain (eside) components of the total
interaction energies is shown in Fig. 6. The side chain
component accounts for most of the increase in interaction
energy and reduction in protein stability seems to be related
with increase in eside. This makes sense because the cavity-
creating mutation corresponds to the replacement of a bulky
side chain with a smaller one. It is interesting to note that
main chain component of interaction energy decreases in
some cases. When the readjustments of a protein after the
mutation are substantial, the reduction of the size of the
cavity will increase the overall compactness of the protein,
allowing more favorable interactions among main chain
parts of the protein. It is generally known that the main
chain interactions are mostly electrostatic (hydrogen-bond-
ing) in character, whereas the side chain interactions inside
a protein represent hydrophobic (van derWaals) interactions. It
is interesting to note that emain and eside show behavior
similar to eelec and evdw, respectively (Figs. 5 and 6).
FIGURE 5 Change in the free energy of folding (		G) of mutant
lysozymes relative to wild-type plotted as a function of the component of
interaction energies for the residue involved in the mutation. (a) van der
Waals (evdw), (b) electrostatic (eelec), and (c) total (etot) components of
the interaction energies of each residue are considered. The straight line for
the evdw plot shows the correlation between the van der Waals interaction
and the stability of the mutant structure.
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CONCLUSIONS
We have investigated the response of a protein structure to
cavity-creating mutations. Molecular dynamics (MD) sim-
ulations and subsequent essential dynamics (ED) analysis
for the wild-type and the five mutants of the T4 lysozyme
have been done to examine the structural characteristics
associated with the cavity-creating mutations. It is found
that the structural changes due to the replacements of a
bulky side chain such as Leu or Phe with Ala within the
hydrophobic core can be characterized as slight adjustments
rather than substantial repacking of the protein. The muta-
tion sites located mostly around the cavity region are found
to be rather rigid, which is consistent with the above find-
ings. The amount of structural change differs from case to
case and the relative stability of the mutant structures can be
related to the extent of readjustments of the protein in
response to the mutation.
Understanding the relative importance of different com-
ponents of interaction energies in determining protein sta-
bility can provide valuable information. We have studied
possible correlations between decreases in protein stability
as represented by the free energy of unfolding (		G) of
mutants and changes in the different components of inter-
action energies due to the mutation. It is found that the
destabilization of the mutant Leu3Ala proteins relative to
the wild-type is closely related to the increase in the van der
Waals interactions. The destabilization is caused by the loss
of van der Waals contacts due to the cavity-creating muta-
tions. The relative stability of different mutants depends on
how well the protein responds to the mutation and restores
a favorable folded structure. The side chain components of
interaction energies account for most of the changes in van
der Waals energies. It is generally agreed that the hydro-
phobic effect is the major factor in stabilizing the folded
structures of proteins. The present study suggests that one
must consider the contributions due to the structural relax-
ation in proteins in addition to an intrinsic hydrophobic
effect associated with the substitution of a specific pair of
residues. Our studies have also demonstrated the usefulness
of theoretical methods such as the essential dynamics anal-
ysis and the evaluation of the interaction energy component
in providing insights into understanding the structure and
function of protein systems.
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